Eribulin (E7389), a synthetic analogue of halichondrin B in phase III clinical trials for breast cancer, binds to tubulin and microtubules. At low concentrations, it suppresses the growth phase of microtubule dynamic instability in interphase cells, arrests mitosis, and induces apoptosis, suggesting that suppression of spindle microtubule dynamics induces mitotic arrest. To further test this hypothesis, we measured the effects of eribulin on dynamics of centromeres and their attached kinetochore microtubules by time-lapse confocal microscopy in living mitotic U-2 OS human osteosarcoma cells. Green fluorescent proteinlabeled centromere-binding protein B marked centromeres and kinetochore-microtubule plus-ends. In control cells, sister chromatid centromere pairs alternated under tension between increasing and decreasing separation (stretching and relaxing). Eribulin suppressed centromere dynamics at concentrations that arrest mitosis. At 60 nmol/L eribulin (2 Â mitotic IC 50 ), the relaxation rate was suppressed 21%, the time spent paused increased 67%, and dynamicity decreased 35% (but without reduction in mean centromere separation), indicating that eribulin decreased normal microtubule-dependent spindle tension at the kinetochores, preventing the signal for mitotic checkpoint passage. We also examined a more potent, but in tumors less efficacious antiproliferative halichondrin derivative, ER-076349. At 2 Â IC 50 (4 nmol/L), mitotic arrest also occurred in concert with suppressed centromere dynamics. Although media IC 50 values differed 15-fold between the two compounds, the intracellular concentrations were similar, indicating more extensive relative uptake of ER-076349 into cells compared with eribulin. The strong correlation between suppression of kinetochore-microtubule dynamics and mitotic arrest indicates that the primary mechanism by which eribulin blocks mitosis is suppression of spindle microtubule dynamics.
Introduction
Eribulin (E7389, a synthetic derivative of the natural product halichondrin B; Fig. 1 ) is a microtubule-targeted drug that inhibits cancer cell proliferation at nanomolar concentrations. It is currently in phase III clinical trials. We found previously that eribulin binds to tubulin and suppresses microtubule dynamics, both in vitro and in cells, by a unique mechanism that involves suppression of the growth phase of microtubule dynamic instability without suppressing shortening (1) . Suppression of microtubule dynamics in interphase cells occurs at eribulin concentrations that arrest mitosis and lead to apoptosis (1 -4) . An important question, however, is whether eribulin suppresses microtubule dynamics in mitotic cells, leading to mitotic arrest, and if so, how are the dynamics suppressed. To address this question, in the present study, we used human osteosarcoma (U-2 OS) cells whose chromosomal centromeres were labeled with green fluorescent protein (GFP) -labeled CENP-B to examine the effects of eribulin on the movements of centromeres and their associated dynamic microtubules during mitotic arrest. We also extended our examination of the mechanism of action of this class of compounds by comparing the effects of eribulin with those of ER-076349, a halichondrin analogue that is a more potent antiproliferative agent in cells, albeit less effective against tumors in in vivo xenograft models.
During mitosis, the forces generated by the mitotic spindle are translated into chromosomal movement mainly through the interaction of the spindle microtubules with kinetochores. Kinetochores are specialized protein complexes that assemble at the centromeres of chromosomes at mitosis. During metaphase, the duplicated chromosomes with their centromere/kinetochore-attached microtubules align at the metaphase plate with the sister centromeres remaining attached, and the chromosome pairs continue to undergo complex movements. The individual chromosome pairs oscillate independently toward and away from the spindle poles. In addition, the two kinetochores of each pair repeatedly separate from each other (they stretch apart) and then return to a relaxed position (5, 6) . The plus-ends of spindle kinetochore microtubules are embedded in the kinetochore/centromere complex; thus, kinetochore microtubules are a major force inducing centromere dynamics, and centromere dynamics provide a readout of spindle microtubule dynamics.
Dynamic microtubules and microtubule-based motor proteins produce tension on kinetochores, which plays an important role in fulfilling the mitotic spindle checkpoint and inducing passage from metaphase to anaphase (5 -8) . The spindle checkpoint is essential for ensuring the accurate segregation of a complete set of chromosomes to each daughter cell (reviewed in ref. 9) . It ensures that segregation is delayed until all chromosomes are properly attached to a bipolar spindle. The checkpoint monitors attachment of the proper number of microtubules to the kinetochores and tension on the kinetochores, and the two aspects may be interdependent because tension stabilizes and increases the number of kinetochore microtubule attachments (10, 11) . The dynamic connection between kinetochores and microtubules results in activation of a signal transduction network consisting of Mad, Bub, and Mps1 protein that regulates anaphase entry by acting on the anaphase-promoting complex that in turn targets the anaphase-inhibitory protein securin for destruction. However, how tension is sensed by the kinetochores and how the kinetochore transmits its inhibitory signals are unknown (9) . Here, we found that both eribulin and ER-076349 significantly reduced centromere stretching and relaxation at concentrations that arrest mitosis. Interestingly, the reduction in dynamics occurred without a concomitant reduction in the centromere separation distance. Although the IC 50 values for inhibition of mitosis and proliferation differ 10-to 15-fold for the two compounds, the intracellular concentrations of eribulin and ER-076349 that resulted in mitotic arrest and suppressed centromere dynamics were nearly identical to each other, suggesting that the two drugs have common intracellular targets and similar binding affinities for microtubules and actions on mitotic arrest. The results indicate that suppression of mitotic spindle microtubule dynamics is the mechanism by which eribulin and ER-076349 inhibit mitosis. They also confirm and extend previous results with paclitaxel and Vinca alkaloids, indicating that suppression of spindle microtubule dynamics is the major mechanism of mitotic arrest by chemically dissimilar microtubule poisons (12, 13) .
Materials and Methods

Materials
Unlabeled and tritium-labeled eribulin (NSC 707389; formerly E7389; distinguished by C35-amine) and ER-076349 (C35-hydroxy analogue), macrocyclic ketone analogues of the marine sponge natural product halichondrin B (4), were synthesized at Eisai Research Institute (14) . Structures of both analogues and parental halichondrin B are presented in Fig. 1A .
Cell Culture U-2 OS human osteosarcoma cells (American Type Culture Collection) were maintained in DMEM supplemented with 1% penicillin-streptomycin, nonessential amino acids (Sigma), and 10% fetal bovine serum (Hyclone) in 250 mL tissue culture flasks or 35 mm six-well plates (Falcon, Becton Dickinson) at 37jC in a 5% CO 2 atmosphere; doubling time was 28 h. Cells were stably transfected with a CENP-B-GFP plasmid containing the coding region for the DNA-binding domain of CENP-B (codons 1-167) fused to the amino terminus of the A. victoria GFP cDNA as described previously (5) . Expression of GFP-CENP-B was stable for 8 to 10 weeks as determined by fluorescence microscopy.
Cell Proliferation and Mitotic Index Cells were seeded on poly-L-lysine-treated (50 mg/mL, 2 h, 37jC, washed once with sterile water) sterile glass coverslips in six-well plates at 1 Â 10 5 cells per 2 mL/well. One day later, medium was replaced with fresh medium containing a range of eribulin or ER-076349 concentrations (0.003-10,000 nmol/L) and further incubated for one cell cycle (28 h). Cells were harvested by combining floating cells with attached cells, which had been released by trypsinization [0.5 mg/mL in PBS: 137 mmol/L NaCl, 2.7 mmol/L KCl, 1.5 mmol/L KH 2 PO 4 , 8.1 mmol/L Na 2 HPO 4 , 0.5 mmol/L EDTA (pH 7.2); 5 min, 37jC] and live cells were counted using a hemacytometer. Trypan blue dye was used to distinguish living from dead cells. To evaluate mitotic indices, cells were grown for 20 h in the absence and presence of drug. Mitotic indices were determined by microscopic examination of chromosomes and GFP-CENP-B centromeres in cells that were fixed in formalin/methanol (described below), stained with 4,6 ¶-diamidino-2-phenylindole, and imaged using a Nikon Eclipse E800 microscope with Â60 and Â100 (numerical aperture 1.4 for both) objectives. Results are the mean and SE of five independent experiments, in which a minimum of 1,000 cells were counted for each condition in each experiment. IC 50 values were determined by linear regression of double-reciprocal plots of proliferation or mitotic index versus drug concentration.
Immunofluorescence Microscopy Immunofluorescence localization of microtubules and chromosomes was done on cells that were fixed in 10% formalin in PBS (20 min, 25jC) followed by 10 min in methanol (4jC), washed three times with PBS, and incubated for 30 min with 1% normal goat serum (Sigma) to avoid nonspecific binding. Cells were incubated with mouse monoclonal anti-tubulin antibodies (DM1A + DM1B, Abcam; 1:1,000; 1 h, 37jC). Cells were rinsed three times in PBS containing 1% bovine serum albumin and incubated with goat anti-mouse CY3-conjugated secondary antibody (Jackson ImmunoResearch Laboratories; 1:1,000; 1 h, 37jC). Cells were rinsed three times in PBS-bovine serum albumin, mounted with Prolong Antifade (Molecular Probes), and imaged as above.
Imaging Centromeres in Living Cells
Following incubation with or without drugs for 4 h, poly-L-lysine-coated coverslips with live cells attached were mounted in a Dvorak-Stotler chamber (Nicholson Precision Instruments) in the medium in which they had been cultured (with or without drug) and maintained on the microscope stage at 37jC in a Lucite box. Images of live cells were collected on a Nikon Diaphot 200 inverted confocal microscope with a Â100 Nikon PlanApo lens with a 7Â zoom at 3% to 10% laser power. Pairs of fluorescent centromeres were easily identified because as cells enter mitosis, spindles and centromere pairs align parallel to the substrate. Each time course consisted of a series of 120 single images (2 Kalman images each) at 5 s intervals (total time 10 min) at slow scan speed and were collected at 128 Â 128 pixel box size (each pixel was 0.1 Am). In each time course, several centromere pairs could be distinguished and followed.
Image Processing and Quantitative Motility Analysis Time-lapse image sequences were viewed as movies using Bio-Rad Confocal Assistant Software 4.01 to identify centromere pairs that could be tracked through the sequence for at least 8 min (96 frames). Image stacks were then imported into MetaMorph (version 4.6) imaging software (Universal Imaging) for analysis. The x-y position assigned to a centromere was determined by the brightest pixel at the center of the fluorescent signal. Its position and the distance from the sister centromere were recorded on an Excel spreadsheet (Microsoft). The series of separation distances was used to determine rates of separation (stretching) and coming together (relaxing), the durations of these movements, and the frequencies of transition from stretching to relaxing and vice versa.
Background Motion
Centromere movement attributable to simple diffusion or electronic noise rather than to microtubule dynamics and/or motor proteins was determined previously to be 0.34 Am/min, the mean rate of movement in the absence of microtubules (13) . Any movement less than this was considered to be background or diffusion movement and classified as a ''pause'' or a movement that was so attenuated that it could not be reliably measured.
Selection of Centromere Pairs for Measurement of Dynamics
For determination of centromere dynamics, only cells in which the majority of chromosomes had congressed to a well-formed and distinct bipolar metaphase plate were measured and only centromere pairs of congressed chromosomes were included. At high drug concentrations, f80% of spindles were abnormal (mostly multipolar), and many chromosomes had not congressed.
Intracellular Drug Concentration U-2 OS cells were seeded into poly-L-lysine-treated scintillation vials (1 Â 10 5 cells, 2 mL). After 24 h, medium was replaced with fresh medium containing 30 to 60 nmol/L [ 3 H]eribulin (final specific activity after dilution with unlabeled eribulin: 2 mCi/mol) or 2 to 4 nmol/L [ 3 H]ER-076349 (final specific activity: 18-24 mCi/mol) or unlabeled drug (for determination of cell number). Medium was removed from vials from 30 min to 20 h after drug addition, cells were rapidly rinsed twice with 2 mL PBS, and intracellular drug concentration was determined by scintillation counting. Background radioactivity was determined after washing vials that contained only radiolabeled drug in medium. Cell number was determined by manual cell counting using a hemacytometer at the time of drug addition and 20 h later in vials treated in parallel using unlabeled drug. The intracellular drug concentration was determined by dividing the moles of intracellular eribulin by the average cell volume times the number of cells per vial. The mean cell volume was calculated from the mean diameter of cells rounded up after trypsinization (n = 38; mean cell volume, 3.2 Â 10 À12 L). Additionally, after 20 h, cells were washed with 2 mL PBS and fresh medium was added for 1 and 24 h to determine how readily the drugs are washed out of cells. All time points were measured in duplicate, and results are the mean and SE of five experiments.
Results
Effects of Eribulin and ER-076349 on Mitosis in U-2 OS Cells
The goal of these experiments was to measure the movements of centromeres due to the growing and shortening dynamics of their attached dynamic microtubules in living U-2 OS human osteosarcoma cells at drug concentrations that inhibited proliferation and arrested mitosis. Thus, we first determined the effects of eribulin and ER-076349 on cell proliferation (28 h, one cell cycle) and mitotic progression. Cell proliferation was inhibited with IC 50 values of 30 nmol/L eribulin and 3 nmol/L ER-076349 (Fig. 1B) .
The effects of the drugs on mitotic progression were measured by incubating the cells with drug (3 pmol/L to 10 Amol/L, 20 h) and determining the mitotic index by microscopy (Materials and Methods). At concentrations >3 nmol/L for eribulin and >0.1 nmol/L for ER-076349, cells accumulated in mitosis reaching a maximum of 60% at 1 Amol/L eribulin and at 100 nmol/L ER-076349 (Fig. 1C) . Half-maximal arrest occurred at 30 nmol/L eribulin and at 2 nmol/L ER-076349, nearly the same as the IC 50 values observed for proliferation. ER-076349 was thus 15 times more potent than eribulin in U-2 OS cells.
Spindle and Microtubule Organization and Localization of GFP-CENP-B
The localization of GFP-CENP-B, microtubules, and chromosomes in the presence and absence of drugs (4 h incubation) is shown in fixed and immunostained U-2 OS cells in Fig. 2A to D. In control cells at metaphase ( Fig. 2A) , chromosomes were completely congressed to the metaphase plate, and centromere pairs (arrows) were oriented parallel to the spindle axis. During anaphase, sister chromatids and their associated centromeres separated and the centromeres appeared as single, spherical dots (Fig. 2B) . After 4 h incubation with 30 nmol/L eribulin or 2 nmol/L ER-076349, spindles were somewhat smaller but were often bipolar with all chromosomes congressed to the metaphase plate. However, many spindles were bipolar but with ''lagging'' chromosomes or chromosomes stuck at one or both poles (Fig. 2C, arrow) . Some spindles were tripolar or multipolar (Fig. 2D) .
Dynamic Behavior of Centromeres in Living Cells
Attached sister centromeres, as observed by confocal microscopy in metaphase cells, undergo alternating phases of increasing and decreasing separation, referred to as ''stretching'' and ''relaxing.'' The behavior of a typical pair of centromeres in a control cell during a period of 480 s is shown in Fig. 2E to H (arrows) . At zero time, the sister centromeres (arrows) are separated by 0.9 Am in Fig. 2E , by 0.7 Am in Fig. 2F (at 70 s) , by 1.2 Am in Fig. 2G (at 225 s) , and by 0.6 Am in Fig. 2H (at 260 s) . Figure 3A and B represents a time course of stretching and relaxing of a pair of sister centromeres, determined from images like those shown in Fig. 2 . The upper trace (Fig. 3A) shows the distance between the two members of a centromere pair in a control cell and the lower trace is the distance between the two members of a pair in the presence of 60 nmol/L eribulin. These plots, which are analogous to ''life history'' plots showing microtubule growth and shortening dynamics (15) , were used to determine the variables of sister centromere stretching and relaxing dynamics. Centromeres stretched apart during microtubule shortening phases and relaxed back together during microtubule growing phases. For some periods, pairs underwent little or no detectable change in separation (Fig. 3B) , the amplitude of centromere separations was significantly reduced.
Centromere Dynamics in Control U-2 OS cells The variables of centromere dynamics are shown in Table 1 . In the absence of drug, the relaxation rate of centromere pairs was faster than the stretching rate (1.4 F 0.5 and 1.0 F 0.4 Am/min, respectively; Table 1 ). The mean separation distance was 0.66 F 0.11 Am, with a mean maximum separation distance of 0.96 F 0.11 Am and a mean minimum separation distance of 0.45 F 0.12 Am (Table 1) . Centromere pairs in control cells spent 38 F 2% of the time stretching, 32 F 2% of the time relaxing, and 30 F 3% of the time in a paused state. The overall rate of centromere stretching and relaxation, the ''dynamicity'' (analogous to the term as used in describing microtubule dynamics; ref. 16 ) is the sum of the distances moved during stretching and relaxation divided by the total time in all phases. The centromere dynamicity in the absence of drugs was 0.84 Am/min.
Effects of Eribulin and ER-076349 on Centromere Dynamics
We examined centromere dynamics at the mitotic IC 50 and twice the mitotic IC 50 for both compounds (30 and 60 nmol/L eribulin and 2 and 4 nmol/L ER-076349) after incubation with drug for 4 h. As shown in Table 1 , both drugs suppressed centromere dynamics at concentrations that arrested mitosis. The most prominent and concentration-dependent changes were reductions in the percentages of time spent stretching and relaxing, increases in the percentage of time spent in a paused state, and suppression of the overall dynamicity (by 6% and 35% for 30 and 60 nmol/L eribulin, respectively, and by 5% and 32% by 2 and 4 nmol/L ER-076349, respectively; Table 1 ). Although effects on the stretching rate were minimal, both compounds significantly suppressed the relaxing rate by 21% at 2 Â IC 50 . The transition frequency was not affected at the IC 50 but was reduced at 2 Â IC 50 (by 24% and 35% for eribulin and ER-076349, respectively). In contrast with the effects of vinblastine and paclitaxel on centromere dynamics (12, 13), eribulin and ER-076349 had no significant effect on the mean separation distance.
Intracellular Levels of Eribulin and ER-076349
The time courses for uptake of eribulin and ER-076349 into U-2 OS cells at their IC 50 and 2 Â IC 50 values are shown in Fig. 4 . Eribulin (30 and 60 nmol/L) was taken up rapidly into the cells, attaining intracellular concentrations of 1 and 3.5 Amol/L, respectively, 4 h after addition, and remaining at approximately those levels at least to 20 h. Thus eribulin accumulated in the cells 30-to 60-fold over its concentration in the medium. ER-076349 (2 and 4 nmol/L) was taken up more rapidly, attaining intracellular concentrations of 300 nmol/L and 3.2 Amol/L, respectively, 4 h after addition, and high levels were retained at least to 20 h. Thus, the intracellular drug concentrations that induced mitotic arrest were equivalent for the two drugs (3.5 Amol/L for eribulin and 3.2 Amol/L for ER-076349) and these intracellular concentrations affected microtubule dynamics similarly. The extent of accumulation was greater for ER-076349 than for eribulin (150-and 800-fold for 2 and 4 nmol/L ER076349, respectively). With both drugs (eribulin and ER-076349), washing of the cells at 20 h and incubation in drug-free medium induced a rapid loss of drug from the cells, although less than half the intracellular eribulin was lost, whereas nearly all the intracellular ER-076349 was lost during the first hour after washing. Twenty-four hours after washing, intracellular concentrations of both drugs were equivalent to background (data not shown).
Discussion
We found that eribulin significantly suppressed centromere dynamics in mitotic spindles at drug concentrations that arrested mitosis, thus supporting the idea that suppression of spindle microtubule dynamics by eribulin is one of its major antiproliferative mechanisms. The mitotic spindle checkpoint delays anaphase until all chromosomes have properly attached to the spindle microtubules and become aligned at the metaphase plate (9) . Passage through this checkpoint depends on tension at the kinetochores and Figure 3 . Time course of changes in the center-to-center separation distance between sister centromeres of a pair in the absence (top trace) and presence of 60 nmol/L eribulin (bottom trace). Images of GFP centromeres were collected from a single plane by confocal microscopy at 5 s intervals. Separation distances between the two members of pairs that remained well focused for the 7 min recording period were measured as described in Materials and Methods. For the centromere pair in the absence of drug, the centromeres were separated by 0.5 Am at zero time. The pair then underwent multiple episodes of stretching and relaxing. For example, at 45 s, the pair was separated by 0.79 Am; at 55 s, the separation distance decreased to 0.41 Am, the minimum separation observed for this pair; and at 275 s, it increased to 1.0 Am, the maximum separation observed for this pair. In the presence of 60 nmol/L eribulin, the separation distance was reduced overall and ranged from 0.73 to 0.28 Am for the centromere pair (bottom ).
occupancy of kinetochores by an appropriate number of microtubules (8) . Eribulin significantly reduced the rate of centromere relaxation and the percentages of time stretching and relaxing, increased the time that centromere pairs spent paused, neither stretching nor relaxing detectably, and reduced the transition frequency and the overall centromere dynamicity. For example, 2 Â IC 50 of eribulin (60 nmol/L) increased the percentage of time paused by 67% and decreased the centromere dynamicity by 35%. Thus, tension on the kinetochores was reduced, which in turn leads to prolonged metaphase arrest.
Eribulin, paclitaxel, and Vinca alkaloids bind differently to tubulin and/or microtubules. As shown by electron crystallography and three-dimensional reconstruction of microtubule protofilaments, paclitaxel binds along the inner surface of the microtubule with maximal binding of one paclitaxel molecule per tubulin heterodimer (17, 18) , whereas vinblastine and eribulin bind with high affinity to a very small number of saturable sites on tubulin at the ends of the microtubule (19, 20) . 3 The effects of binding of these drugs to microtubules vary. For example, the binding of one or two molecules of vinblastine to a microtubule end is sufficient to suppress microtubule treadmilling dynamics by 50% (20) , whereas it requires paclitaxel occupancy of many more tubulin molecules in a microtubule to suppress microtubule dynamic instability by 50% (e.g., f120 paclitaxel molecules bound along the inner surface of a microtubule of 5 Am length; ref. 17) . Despite their chemical structural differences and their different binding modes on microtubules, these drugs at low concentrations all arrest mitosis by suppressing microtubule dynamics. The differences in the microtubule binding of eribulin, Vinca alkaloids, and paclitaxel make it unlikely that the drugs all sterically block interaction with the kinetochore. Their common feature is that they all suppress the stretching and relaxation movements between sister centromeres at concentrations that arrest mitosis, thus providing strong evidence that suppression of spindle microtubule dynamics by these chemically dissimilar molecules is their crucial antimitotic mechanism of action.
Absence of Reduction in Mean Centromere Separation Distance
The distance between sister centromeres and kinetochores has been used as an indicator of spindle-induced tension on kinetochores, a tension that is thought to play a role in signaling the metaphase/anaphase transition. Many microtubule-targeted drugs decrease the separation distance in association with mitotic arrest (12, 13, 21 -23) . Interestingly, at concentrations of eribulin and ER-076349 that induced significant mitotic arrest (1-2 Â IC 50 ), there was no significant change in the mean centromere separation distance (Table 1) . However, it is clear that at these concentrations, centromere dynamics were suppressed because the dynamicity and percentages of time stretching and relaxing were reduced ( Table 1 ). The results suggest that a decrease in centromere separation is not a requirement for microtubule-targeted induction of mitotic arrest in bipolar spindles and that mean centromere separation may be only a crude measure of spindle tension. The kinetochore-microtubule interface is not static but fluid, and kinetochore components are dynamic (24) . The dynamic push and pull of microtubules on kinetochore components must induce continuous changes in both the conformation of individual kinetochore protein components and the overall arrangement of the proteins within the kinetochore. The continuous and repetitive dynamic changes in the microtubule/kinetochore interface and within the kinetochore that are induced by microtubules pushing and pulling on the kinetochore may be essential for the biochemical alterations signaling the metaphase/ anaphase transition and may be one of the important functions of dynamic microtubules in mitosis. Eribulin Differs from Paclitaxel and Vinblastine in Its Specific Mechanistic Effects on Centromere Dynamics Figure 5 compares the suppression of the variables of centromere dynamics in U-2 OS cells by eribulin with suppression by four major microtubule-targeted antimitotic drugs, vinblastine, vinorelbine, vinflunine, and paclitaxel (12, 13) . The drug concentrations used were z2 Â IC 50 . All five drugs suppressed the relaxation rate, the percentage of time stretching and relaxing, the transition frequencies, and the overall dynamicity. In addition, they all increased the percentage of time paused. However, interestingly, unlike the other four drugs, eribulin did not suppress the stretching rate or duration or the relaxing duration. When centromere pairs stretch apart, the microtubules must be shortening (depolymerizing). Thus, this finding is consistent with the results obtained for eribulin in vitro with purified microtubules and in living interphase MCF7 cells (1) . In these two systems, eribulin did not suppress the microtubule shortening rate or duration (which is associated with centromere stretching in the spindle) but primarily suppressed microtubule growth (associated with centromere relaxation in the spindle) and dynamicity. Thus, the results are consistent with a similar mechanism of action of eribulin on both interphase microtubule dynamics and mitotic spindle microtubule dynamics.
Intracellular Levels of Eribulin and ER-076349
Although it required considerably higher concentrations of eribulin added to the medium than of ER-076349 to induce significant mitotic arrest (2 Â IC 50 was achieved at 60 nmol/L eribulin and 4 nmol/L ER-076349), the resulting effective intracellular concentrations of the two drugs were surprisingly similar (3.5 Amol/L eribulin and 3.2 Amol/L ER-076349). Thus, ER-076349 is preferentially taken up into the cells. Significantly, although their potencies differed 15-fold based on the drug concentration in the medium required for mitotic arrest, both compounds had similar effects on microtubule dynamic instability at the antimitotic concentrations, providing further strong evidence that effects on microtubule dynamic instability is a major mechanism underlying their ability to arrest mitosis.
The intracellular tubulin concentration is f20 Amol/L (25), indicating that only a fraction of the cellular tubulin was bound to either drug at the concentrations that induced mitotic arrest. These results are in agreement with our previous results that eribulin appears to suppress microtubule dynamic instability by binding directly to a microtubule end.
In addition to a high extent of uptake of the C35-hydroxyl analogue ER-076349, it was taken up rapidly to equilibrium within 2 h and was lost very rapidly on washout, whereas the C35 amine compound eribulin required z4 h to reach equilibrium and was more difficult to wash out (Fig. 5) . In breast, colon, ovarian cancer, and melanoma xenograft models, eribulin showed greater potency, efficacy, or both compared with ER-076349 despite the greater antiproliferative potency of ER-076349 in cell growth studies ( Fig. 1;  ref. 4) . The finding here that ER-076349 is lost rapidly on washout, whereas eribulin is retained to a greater extent may explain, at least in part, the relative irreversibility of mitotic blocks by eribulin and its enhanced in vivo efficacy (4) .
Conclusion
Eribulin is chemically distinct from the microtubuletargeted drugs paclitaxel and Vinca alkaloids; it binds differently to microtubules than paclitaxel and it suppresses microtubule dynamics in a distinct manner from paclitaxel and Vinca alkaloids. However, at concentrations that induce mitotic arrest, all of these drugs suppress centromere dynamics. These results provide strong support for the idea that suppression of spindle microtubule dynamics by these drugs and the resulting disruption of tension on the chromosome kinetochores/centromeres is the primary mechanism responsible for their abilities to induce mitotic arrest. After 20 h, cells were washed with 2 mL PBS and fresh medium was added (arrow ) for 1 h (last data point) and for 24 h (data not shown) to determine radioactivity retained after washout. Mean and SE of five independent experiments.
